The recent surge of attention to the relationship between type 2 diabetes and cancer, and in particular the possibility that glucose-lowering therapies may be involved in this relationship, has presented a considerable challenge to the clinical and research communities. This has been highlighted by observational studies suggesting a protective effect on cancer outcomes for metformin [1] [2] [3] [4] and glitazones [5] , but on the other hand a potential increased cancer risk associated with exogenous insulin [2, 4, 6, 7] , insulin analogues [8, 9] and sulfonylurea therapies [2, 4, 7] .
It is known that insulin resistance, hyperinsulinaemia and elevated levels of IGF-1 promote tumour cell growth [10] . Moreover, insulin has long been known to have mitogenic properties, and cancer cells express insulin receptors. Thus, it has been hypothesised that the observed associations for those glucose-lowering drugs may be due to their direct or indirect effects on insulin resistance and levels of circulating insulin, although other mechanisms may also be involved, including, for example, effects on AMP-activated protein kinase signalling pathways [11] [12] [13] [14] .
An alternative hypothesis is that the increased risk of cancer and death from cancer in patients with type 2 diabetes is due to elevated blood glucose levels. This alternative hypothesis also suggests that hyperglycaemia could be a confounder in the increased risk of cancer outcomes observed with increasing use of exogenous insulin. It has thus been suggested that insulin treatment, by correcting hyperglycaemia, may actually have a favourable effect on neoplastic disease [15] . We believe this 'hyperglycaemia hypothesis' is an over-simplification of the relationship and is not consistent with the relevant evidence. To better understand the biological plausibility of the two alternative (i.e. hyperglycaemia vs hyperinsulinaemia) hypotheses, here is a brief summary of evidence from the experimental and epidemiological literature.
Experimental data
It is true that transformed cells have a high glucose requirement, in keeping with their high rates of glycolysis relative to normal cells, as first recognised by Otto Warburg [15] . However, most cancer cells have a constitutively high level of glucose uptake and are able to fully satisfy their glucose requirements under normoglycaemic conditions [16] . This view is consistent with clinical experience that cancer can behave aggressively in normoglycaemic patients, and also with 2-deoxy-2-[
18 F]fluoro-D-glucose positron emission tomography visualisation of cancers under normoglycaemic conditions [15] . Experimental studies exploring dose-response relationships between glucose concentration and tumour growth [17] generally show that increasing glucose concentration increases proliferation, but with a plateau occurring at about 5 mmol/l glucose. This suggests that hyperglycaemia confers no growth advantage, while normalisation of glucose levels by insulin therapy would not be expected to constrain cancer growth. This is consistent with the hypothesis that when variation of energy intake influences tumour growth, it does so via alterations in the hormonal milieu, rather than by directly influencing energy available to cancer cells [16] .
On the other hand, many cancers are mitogenically responsive to insulin [16] and many cancer cell lines express insulin receptors [18, 19] . Therefore high endogenous insulin levels and/or administration of exogenous insulin could theoretically have an adverse effect on neoplastic disease. Experimental results [20] showing that the endocrine milieu of type 1 diabetes (hyperglycaemia and hypoinsulinaemia) leads to decreased cancer proliferation suggests that there are cancers for which the stimulatory effect of insulin on proliferation is more important than variation of blood glucose level. The observation that metformin-induced growth inhibition of experimental cancers in vivo is associated with a decline in insulin levels and activation of insulin receptors of neoplastic tissue [21] is also consistent with an influence of insulin on cancer growth.
Epidemiological data
Recent observational studies have linked increasing insulin exposure with an increased risk of cancer incidence or increased cancer mortality rates [2, 4, 6, 7] . As observational studies, they have a number of limitations and by themselves do not allow inference of causation. Nonetheless, the consistency of the observed epidemiological association, including dose-risk gradient, across different studies, designs and populations is notable. In contrast to those previously consistent reports, one recent observational study reported a protective association of reduced risk of cancer with insulin therapy [22] , although several methodological concerns limit the interpretation of those results [23, 24] .
As noted above, an alternative hypothesis has been put forth, proposing that the relationship between insulin and neoplasia is confounded by a proposed relationship between hyperglycaemia and risk [15] . This view is supported by large observational studies that have demonstrated a strong relationship between elevated blood glucose and cancer incidence and mortality rates [25, 26] . The hyperglycaemia risk relationship appears to be consistent across all levels of blood glucose, even within the normoglycaemic range [25] . On the other hand, several large epidemiological have also noted strong associations between both increased circulating insulin and increased C-peptide and cancer incidence [27] [28] [29] . Of particular note is that these relationships exist in non-diabetic individuals and were not confounded by obesity. Thus, these epidemiological data seem to suggest that the mechanism of increased cancer risk is more reflective of the consequences of hyperinsulinaemia, rather than of hyperglycaemia. That is to say, the observational studies supporting the hyperglycaemia hypothesis may simply be confounded by hyperinsulinaemia.
Moreover, if hyperglycaemia were the causal link in the relationship between diabetes and cancer, improving glucose control in people with type 2 diabetes would reduce the risk of cancer. The results from large randomised controlled trials of intensified glycaemic control are, in fact, more consistent with the conclusion that improving blood glucose control confers no benefit in cancer risk [15] . The one exception is the UK Prospective Diabetes Study (UKPDS) on metformin [30] , which reported a 29% reduction in cancer mortality rates among overweight patients randomised to intensive control with metformin compared with conventional control with diet therapy. However, this difference was not statistically significant given the small sample size. This randomised clinical trial result is entirely consistent with the observational studies of metformin and cancer risk, further supporting the hypothesis that cancer risk is reduced by metformin therapy, which, among other effects, lowers insulin levels in hyperinsulinaemic patients. In contrast, in the main UKPDS study, no difference in cancer mortality rates was observed between the intensive and standard treatment arms [31] . While patients in the UKPDS were initially randomised to insulin or sulfonylureas, it is difficult to assess individual drug effects because of the need for multiple additional therapies in that study, with over 50% of patients requiring multiple therapies by 3 years [32] . The same challenge is true for other intensive glycaemic control trials, leaving only the possibility to suggest that overall improvements in glycaemic control achieved through combination therapies do not appear to increase nor decrease the risk of cancer.
Conclusion
The relationship between type 2 diabetes and cancer is consistent and reasonably strong. The underlying mechanisms are still not clear, and at this early stage of investigation it is important to consider all possibilities. Cancers are heterogeneous, and insulin responsiveness, certainly, is not universal. So there may be specific tumours whose proliferation is facilitated as a consequence of hyperglycaemia. However, the accumulation of experimental and epidemiological evidence is more consistent with the hyperinsulinaemia hypothesis and less so with the hyperglycaemia hypothesis. Thus in the observational studies of increasing use of insulin and cancer risk, it is unlikely that this relationship is being confounded by hyperglycaemia. While it is clear that the available population-based observational studies do not prove that high levels of endogenous insulin or insulin treatment have a direct adverse influence on neoplastic disease, such effects are biologically plausible, whereas a protective effect of insulin seems unlikely.
